Abstract This paper summarizes the main properties of the microstructures formed during reverse (austenite ? martensite) transitions in single crystals of the CuAl-Ni shape memory alloy, and discusses the relation between these properties and the mechanical stabilization effect. It is shown that all experimentally observed interfacial microstructures (X-and k-interfaces and their nonclassical equivalents) are not local minimizers of the quasistatic energy, and their formation is probably governed by requirements on mobility and dissipation. This conclusion is supported by finite elements models, and acoustic emission measurements.
Introduction
Among the copper-based shape memory alloys (SMAs), the Cu-Al-Ni system [1] [2] [3] [4] has been by far the most studied one during the past four decades (see e.g. [5] for a review). There are several reasons why particularly this alloy has been so extensively studied both on the theoretical level and by experimental observations: both the cubic high-temperature phase (bcc austenite) and the tetragonal low-temperature phase (2H c 1 0 -martensite) of this alloy have simple crystal structures, the transformation strains are large (up to 8.5 %, [2] ), the transitions are fully reversible and are not accompanied by any significant plastic flow, the twinning stress can be as low as 0.7 MPa [6] , and the transition temperatures can be set close to the room temperature. In addition, the surface energy of the twinning planes in this alloy is relatively high [7] , and so the martensitic laminates and other regular microstructures formed in single crystals of this alloy appear at the lengthscales of several tens of micrometers or even larger, which enables easy observation of these microstructures by optical microscopy.
These properties predetermine the Cu-Al-Ni alloy to be used as an illustrative example of the SMAs [5, 8, 9] . In this sense, the optical micrographs of habit planes, macrotwins, or more complex microstructures in this alloy have been used several times to confirm the theoretical predictions of the mathematical theory of martensitic microstructures [10, 11] , which explains the formation of the observed microstructures by means of energy minimization and kinematic compatibility.
One of the most interesting effects observed in the single crystals of the Cu-Al-Ni alloy is the mechanical stabilization of martensite [12] [13] [14] , i.e., the strong dependence of the martensite ? austenite transition temperature on the initial microstructure of martensite. This effect occurs whenever the initial microstructure cannot directly form any compatible interface with the austenite phase, and thus, the nucleation of austenite in the crystal requires local reorientation of martensite in order to form some microstructural object providing kinematic compatibility between the initial microstructure and the austenitic nucleus. This object is called the interfacial microstructure [15, 16] , and propagates through the material with the growth of the austenitic nucleus until the transition is completed. The energy required for the formation of the interfacial microstructure increases the nucleation barrier for austenite, and so the transition is shifted to higher temperatures. In this paper, we will summarize the recent findings on the properties of such interfacial microstructures, with the focus laid on the relation between the kinematic compatibility and the mobility of these objects.
Theoretical Background for the Mechanical Stabilization Effect
The Cu-Al-Ni alloy belongs to the cubic-to-orthorhombic class [17] , which implies that the martensitic phase can exist in six different structural variants and there can be three different twinning systems formed between these variants: Compound, Type 1, and Type 2. In the classical theory of martensitic microstructures [8, 10] , the individual variants of martensite are described by different Bain matrices U 1…6 . A given pair of variants (I,J) can then form a twin whenever the middle eigenvalue of the matrix C = U I -1 U J 2 U I -1 is equal to one. For the Cu-Al-Ni alloy, each pair of variants can form twins of one or two of the twinning system listed above, and, consequently, there can appear a broad variety of first order laminates (microstructures consisting of parallel, twin-connected plates of two variants of martensite with periodically altering thicknesses [8] ) in the single crystals of this alloy. As the Compound twins can cross compatibly with the Type 1 and Type 2 twins, even a broader variety of more complex microstructures can appear by lamination of higher orders.
For compatible connection between a fine microstructure with an effective Bain matrix U l and austenite (described by the Bain matrix equal to the identity matrix I), it is required that the middle eigenvalue of U l is equal to one. It can be easily shown that this condition is satisfied neither for any of the single variants of 2H martensite, nor for any first order laminate of the Compound twins, while it can be satisfied by the first order laminates of the Type 1 and Type 2 twins with specific volume fractions of the individual components.
As a consequence of this, a single crystal of Cu-Al-Ni austenite, when cooled down, transforms into a fine mixture of first order laminates of Type 1 or Type 2. Then, upon heating, the nucleation of austenite is easily possible due to local compatibility between this microstructure and the nuclei. However, if some mechanical stress is applied onto the martensitic microstructure and the microstructure gets reoriented into either a single variant of martensite, or any other microstructure without k 2 = 1, the nucleation of austenite is suppressed, and the reverse transition is shifted to higher temperatures.
The mechanical stabilization appears then at two levels. Firstly, the nucleation barrier is increased by the energy necessary to create the compatible nucleus-to-martensite connection, i.e., to nucleate also the interfacial microstructure. Secondly, the growth of the austenitic nuclei is then accompanied by motion of the interfacial microstructure that dissipates additional energy and makes the reverse transition more energetically expensive.
The first effect, i.e., the increase of the nucleation barrier, plays an important role for the localization of the first austenitic nuclei. As shown and theoretically explained by Ball et al. [18] , in a prismatic sample of the Cu-Al-Ni 2H martensite in a form of a single variant, the nucleation can occur only on one corner of the sample, where the necessary shear strains accompanying the formation of the interfacial miscrostructure are not blocked by geometrical constraints.
The second effect, i.e., the energy dissipation during the motion of the interfacial microstructure, gives then a possible explanation for the specific morphologies (X-or kinterfaces, see the next section for more details) observed experimentally in the Cu-Al-Ni single crystals. As shown by Glatz et al. [19] , once the nucleus is created these specific morphologies correspond to minimal dissipation paths for the transition from mechanically stabilized martensite to austenite.
Experimentally Observed Interfacial Microstructures Types of the Observed Morphologies
The first experimental observation of interfacial microstructures was reported by Basinski and Christian [20, 21] in single crystals of the In-Tl alloy. Two specific morphologies were observed in [20, 21] , called X-interfaces and k-interfaces. The difference between these two morphologies is outlined in Fig. 1a and b, where it is shown how the X-interfaces and k-interfaces provide kinematically compatible connection between austenite and single variant of martensite. Both the X-and k-morphologies consist of two twinned regions, each including one homogeneous 1st order laminate of twins, and in both cases these two regions meet along one line. In the Xinterface, both these regions are connected to the single variant of martensite by a single twinning plane, i.e., the laminate inside each twinned region is parallel to the interface between this region and the single variant of martensite. In the k-interface, on contrary, the laminate in at least one of the twinned regions is oriented generally with respect to this interface, and so the twinned region is connected to the single variant by a general twinned-to-detwinned planar interface (denoted as detwinning plane in Fig. 1b) .
In the Cu-Al-Ni, the first observation of interfacial microstructures was reported by Novák et al. [6] ; the observed interface was a k-interface with clearly visible habit and detwinning planes. However, no analysis of the compatibility and full morphology of the interface was provided. Seiner et al. [15, 22] observed first the formation of interfacial microstructures (both X-and k-interfaces) in thermal gradients and by localized heating, and then also more complex microstructures consisting of so-called nonclassical interfaces [23] . These microstructures form in the case when the mechanically stabilized martensite entering the transition is not a single variant, but a 1st order laminate of Compound twins that, itself, cannot form any compatible interface with austenite; as a result, the Compound laminate is penetrated by an X-or k-interface such that a compatible connection appears between austenite and a crossing-twins microstructure (Fig. 1c) . The existence of interfaces providing such a compatible connection was predicted theoretically by Ball and Carstensen [24] prior to the first experimental observations, who also suggested the term non-classical for them. The non-classical interfaces exhibit several unique features, for example they can be curved without losing the compatibility if the Compound laminate is heterogeneous.
Transition Front Kinetics
In all reported observations of the formation and motion of the interfacial microstructures in Cu-Al-Ni, the austenite ? martensite transition exhibited a two-stage behavior: after the nucleation in one of the corners of the sample, the growth of the nucleus induced the formation of the specific morphology (X-or k-interface, either classical or nonclassical). After this morphology had been formed, the interfacial microstructure propagated through the sample without any changes of its shape. The propagation speed in this stage was always of the order of 1 mm s -1 [22] , which is probably a velocity determined by equilibrium between the latent heat production and heat conduction [the socalled Stefan's problem [25, 26] .
The shape-preserving propagation indicates that the Xor k-morphologies are in some sense optimal for mobile interfacial microstructures, i.e., that they may exhibit either minimal dissipation (as discussed by Glatz et al. [19] ), or minimal pinning on the defects or other local energetic minima (compare with the mobility of macro-twin interfaces discussed in [27] ). This significance of the X-and kmorphologies can be clearly illustrated by monitoring the acoustic emission activity (AE) during the transitions process. Figure 2a shows a simple experimental arrangement for such measurement (see [28] for more details). The sample (a 11-mm-long prismatic bar, initially in a single variant of 2H martensite) was freely laid between a heated stage and a cooled stage to ensure the transition front propagation in the prescribed direction and contacted by glycerol droplets to two AE detectors. Such a liquid contacting enabled the detectors to record the AE activity during the whole transition process, regardless of the relatively pronounced changes of the shape of the sample due to the transition. The use of two independent detectors enabled approximate localization of the AE sources, which confirmed that the acoustic signals are indeed generated in the region surrounding the interfacial microstructure. The results of the AE measurement are seen in Fig. 2b . As soon as the interfacial microstructure is fully formed, the AE rate per second abruptly decreases to nearly zero; another increase appears then in the final stage when the microstructure reaches the free end of the sample and gradually disappears.
The decrease of the AE rate proves that the propagation of the interfacial microstructure is related to much lower amount of abrupt, burst-like, or avalanche-like events than its formation or its disappearance. As discussed in [15] , the mechanisms of motion of the X-and k-microstructures are based on nucleation and growth of individual martensitic plates at the interfaces between the twinned regions and the mechanically stabilized single variant of martensite. According to the AE measurements this nucleation and growth occurs in a smooth, continuous manner, and is in this sense different from the reorientation processes accompanying the formation of the microstructure and its disappearance. In summary, the AE results are in agreement with the theoretical findings summarized in the next two subsections, where it is shown that the propagation of an interfacial microstructure cannot be understood as a sequence of energy-minimizing quasi-static states; such sequence would be expected to exhibit significant AE activity when overcoming the energy barriers between the individual minima.
Compatibility at the Mesoscale
Based on the observations of Basinski and Christian [20, 21] , the compatibility of X-interfaces in In-Tl was analyzed by Ruddock [29] , who showed that such morphology cannot be an energy minimizer, as elastic strains are necessary for it to achieve compatibility. This surprising finding was later confirmed for X-and k-interfaces in CuAl-Ni by Seiner et al. [16] , Glatz et al. [19, 30] ; on the other hand, Stupkiewicz and Górzyńska-Lengiewicz [31] have shown that from all possible geometric arrangements of the X-interfaces, the experimentally observed ones are those with the lowest elastic energy, i.e., those most close to full kinematic compatibility without elastic strains.
All these calculations are valid at the mesoscale, i.e., at the scale where the laminates inside the twinned regions can be treated as infinitely fine and are described by homogenized (effective) Bain matrices U l . If the twinned region provides compatible connection between austenite and a single variant of martensite (say the I-th variant described by the Bain matrix U I ), it is required that the middle eigenvalues of the matrices U l and C = U I -1 U l 2 U I -1 are both equal to one. These conditions must be satisfied for both two twinned regions forming the X-or k-interfaces or for their non-classical equivalents, for which the Bain matrix of the single variant is replaced by the effective Bain matrix of the Compound laminate U Compound .
However, these pairwise compatibility conditions onto the planar interfaces are not sufficient for the whole interfacial microstructure to attain full compatibility [8] . In addition, the two twinned regions must be able to form a compatible connection over a line, and, similarly, the single variant (or the compound laminate) must be able to connect compatibly to austenite over the same line, i.e., the habit planes and twinned-to-detwinned interfaces forming the microstructure must intersect in one line. In Fig. 3 , it is visualized how this condition is satisfied for the X-and kmorphologies in a simple prismatic bar; in particular, the orientations of the theoretical stress-free compatible interfaces (habit planes, twinning planes, and detwinning planes) are shown in this figure. It is clearly seen that these interfaces do not intersect in one line. While for the kmorphology the difference is relatively small (*1.5°), for the X-morphology a more than 7°misfit is observed [31] .
Lastly, besides the conditions for the symmetric Bain matrices, the compatibility of the interfacial microstructure gives also strict conditions onto the asymmetric parts of the deformation gradients, i.e., onto the mutual rotations between the individual components of the microstructure. In particular, the mutual rotation between the mechanically stabilized martensite and austenite by compatible connection over the first of the twinned region must be equal to the rotation required for compatible connection over the second twinned region. If this condition is not satisfied, the rotation must be compensated by elastic strains. (The typical rotation misfit for the interfacial microstructures in Cu-Al-Ni is *0.2° [31] . Figure 4 shows the Tresca stress distribution in the Xand k-morphologies calculated by finite elements method (FEM). The elastic stresses required to compensate the weak incompatibility due to the mismatch of the intersection lines and due to the small uncompensated rotation are obviously concentrated along the habit planes and other interfaces; the maximum values are relatively high (cf. similar calculations for microstructures in Cu-Zn-Al by Balandraud and Zanzotto [32] ), higher than plateau-stress for the stress-induced transition in Cu-Al-Ni single crystals or twinning stresses [6] , which means that these stresses may locally induce transition or reorientation, and, consequently, modify the morphology at the interfaces. However, such an effect cannot be analyzed at the mesoscale, where the twinned regions are treated as homogeneous. A finer experimental and theoretical analysis is required at the level of individual laminae, i.e., at the microscale.
Compatibility at the Microscale
The mesoscale compatibility conditions require the laminates at the habit planes and detwinning planes to be infinitely fine, which typically leads to branching of the laminates in the vicinity of the interface in order to minimize the energy. This effect has been observed many times for many different alloys and takes partially place also in the interfacial microstructures discussed in this paper. However, a more detailed analysis reveals that the there are also other effects, not explainable by the energy minimization.
Most apparently, at the detwinning interfaces between a laminate and a single variant of martensite studied in detail in [33] the laminate exhibits only a negligible amount of branching. Instead, the interface consists of long, bending, and tapering needles, and the Bain matrix changes continuously from U l to U I . The elastic strain analysis by FEM presented in [33] revealed, again, that the shape of the needles is not minimizing the energy. The difference between the energy-minimizing shape of the needles and the experimentally observed shape is sketched in Fig. 5 ; while the energy-minimizing morphology is approximately symmetric with respect to the twinning planes of the laminate, in the real (experimentally observed) morphology one of the faces of the needle follows one of the adjacent twinning planes and the thickness of the needle continuously increases until the final volume fraction is reached.
[110]
[001] This observed asymmetrization of the morphology may follow either from the shear stresses acting onto the twinned-to-detwinned interfaces due to the weak incompatibility at the mesoscale, or from some requirements on higher mobility of this microstructure-the analysis of the dissipation at such curved interfaces has not been done yet. Nevertheless, similar deviations from theoretically predicted micromorphologies can be observed also at other interfaces comprised by the interfacial microstructures. Figure 6 shows examples of detailed micrographs of the morphologies at the habit planes ((a) classical habit plane, (b) non-classical habit plane) taken from the experimentally observed X-interfaces. Instead of branching, a needlelike structure is observed again, which has been never reported in the literature for Cu-Al-Ni for forward (austenite ? martensite) transitions of for reverse transitions without mechanical stabilization. However, such needlelike structure was observed only at some parts of the habit planes and only at sample faces with specific crystallographic orientations, so the understanding to the mechanisms of their formation would require further analysis. On the other hand, this microstructure resembles the zig-zag habit plane morphology observed in Ti-Mn alloy [34] and analyzed theoretically by Stupkiewicz et al. [35] .
Conclusions
The main aim of this paper was to show that the thermally driven transitions from mechanically stabilized martensite to austenite proceed via formation of specific mobile microstructures, called interfacial microstructures. These microstructures exhibit several weak deviation from the expected energy-minimizing morphologies, both at the mesoscale and at the microscale. These deviations, together with the low acoustic emission activity of these microstructures during their steady-state motion, indicate that the morphology of the interfacial microstructures is probably not governed only by the energy minimization, but also by requirements on mobility.
As mentioned in the Introduction, Cu-Al-Ni is a prototypical SMA, often used to illustrate specific behaviors of this class of materials. In a similar sense, the findings related to the mechanical stabilization effect and to the interfacial microstructures summarized in this paper can be generalized for other SMAs and also for the effective behavior of SMA polycrystals (see e.g., [36, 37] for such approach adopted for polycrystalline NiTi). 
